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NATTONAL. AERONAUTICS AND SPACE ADMINISTRATION

TECHNICAL MEMORANDUM X-508

MEASUREMENTS OF THERMAL RADIATTON OF ATR FROM THE
STAGNATTION REGION OF BLUNT BODIES TRAVELING AT
VELOCITIES UP TO 31,000 FEET PER SECOND*

By Willlam A. Page, Thomas N. Canning, Roger A. Craig,
and Jack D. Stephenson

SUMMARY

Preliminary measurements are reported of the total intensity of
thermal radiation from the gas cap (i.e., region between shock and body
in vicinity of stagnation point) of blunt bodies traveling at velocities
from 10,000 to 31,000 feet per second. In general, at the higher free-
stream densities, where equilibrium radiation is expected, the results
obtained agree reasonably well with the avallable equilibrium radiation
theories. At the lower densities, however, as much as 30 times the theo-
retical equilibrium radiation is observed, apparently caused by failure
of the gas in the shock layer to reach thermodynamic and chemical equilib-
rium. The altitude for the onset of nonequilibrium radiation for veloc-
ities above 20,000 feet per second is found to occur at asbout 33 miles
for a body with a nose radius of 1 foot.

INTRODUCTION

The aerodynamic heating of space vehicles during entry into the
earth's atmosphere has become an immediate problem of practical concern.
At circular entry velocity, convection is responsible for the important
heat load; but, as velocitles increase to parabolic or higher, an addi-
tional form of heating - thermal radiation from the hot gases in the layer
between the bow shock and body surface ~ is expected to be of equal or of
greater importance. To design safe, efficient heat shields for vehicles
entering at these high velocities, it wlll be necessary to study the char-
acteristics and severity of radiation heating. Not only will total radia-~
tion intensities of the hot gases have to be determined, but it will be
necessary to measure the spectral distribubion of the radiation, to
determine what fraction of the radiated energy is absorbed by the body
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surface, and to determine how this energy influences the properties of
heat~shield materials.

Ames Research Center has embarked upon a research program to study
various aspects of thils problem. The present report presents preliminary
experimental information obtained to date on the total intensity of the
radiation emitted by the hot-gas cap of blunt bodies traveling at veloc-

ities from 10,000 to 31,000 feet per second. The results are compared
wlth available theories.

SYMBOLS

e voltage output of radiation detector
Et total radiation per unit volume, watts/cm3

Eth total radiation per unit volume per unit wavelength, watts/cmS

micron

F fraction of total spectral radiation responded to by radiation
detector

I radiation intensity, watts

I rediation Intensity per unilt wavelength, watts/micron

X radiatlon detector calibration constant, volts/watt

Iy intensity per unit wavelength of tungsten calibrating lamp,
watts/micron

M Mach number

R\ relative spectral response of radiation detector as functlon of

wavelength, (R = 1.0)

T temperature in gas cap, computed for equilibrium conditions behind
normal shock wave, °K

Voo total velocity, £t/sec
A wavelength, microns

P density 1n gas cap, computed for equilibrium conditions behind normal
shock wave
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6o sea~level density at 273° K

Poo free-stream density

APPARATUS AND INSTRUMENTATION

To obtain the high veloclties required for a study of thermal
radiatlon from hot-gas layers a pilot hyperscnic free-flight facility,
depicted in figure 1, was constructed. The facility consists of a light-
gas gun which launches models into either still air or into an advancing
air stream generated In the test section of a shock-tube-driven supersonic
wind tunnel. The velocities obtainable from the light-gas gun range from
10,000 to 25,500 feet per second. The nominal stream velocity and Mach
number in the test section are 6,000 feet per second and 6, respectively.
To simulate flight at various altitudes in the atmosphere, the pressure
level in the shock tube and hence the free-stream pressure in the test
section can be controlled. For the present tests, the range of free-
stream pressures extended from 0.03 to 1.75 psia.

Instrumentation installed in the measuring section of the test region
consists of: (a) two spark shadowgraph stations which are used in conjunc—
tion with electronic-counter chronographs to determine the velocity of the
model (A typical shadowgraph is shown in figure 2.); (b) pressure pickup
in the wall of the wind-tunnel test section to determine time history of
the static pressure of the flow in the test section; (c) pressure pickup
in the wall at the nozzle end of the pump tube to determine time history
of stagnation pressure driving the Mach number 6 nozzle. A typical record
of the stagnation and static pressures is shown in figure 3.

The following method was utilized to compute stream properties, in
particular, density and velocity. The pressure record obtained in the
shock tube of the reflected shock strength allows the computation of
stagnation temperature from the real-gas charts of reference 1. A
Mollier chart for air determines the stagnation enthalpy. The expansion
of the flow through the wind-tunnel nozzle to stream conditions in the
test section 1s assumed to proceed at constant entropy. The stream Mach
number was measured utilizing shadowgraphs of the flow about a stationary
cone installed in the test section. From the stagnation enthalpy and
Mach number the remaining properties of the stream are computed; density,
bressure, temperature, and veloclty. The stream pressure so computed was
found to agree with m=zasured values for the several cases that were
checked to within 3 percent. Computed stream velocitles ranged from
5,000 to 5,850 feet per second, depending upon shock tube loading
conditions, The measured stream Mach numbers varied from 5.25 to 5.50.

The models launched by the gun were spherical nosed polyethylene or

polycarbonate plastic cylinders, 0.28 inch in diameter, with nose radius
of 0.20 inch. The half angle subtended by the model face at the radius

of curvature was 4L L4C.
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Radiation data were obtained with either RCA 1P21 or RCA 1P28 -

photomultiplier tubes, which viewed the model at right angles to the
flight path. The experimental setup is depicted in figure 4, along with
a typlcal oscilloscope trace of the phototube output. The pair of slits,
one-half by one inch in size, were used to allow measurement of the
intensity of the gas-cap radiation with & minimum of interference from
radiation originating in the model wake.

REDUCTTION OF RADIATION DATA

Calibration of the photomultiplier tubes to determine their
sensitivities to incident radiation was made with a tungsten lamp cali-
brated by the National Bureau of Standards. When the phototube views the
standard lamp under geometric conditlons identical to those used in the
test setup (1.e., at the same distance and mounted in the same slit assem-
bly), its voltage output is given Dby .

e = KLZﬂ RKL%dA (1)

where R) 1s the relative spectral response of the phototube as a function
of wavelength, L, 1s the spectral output of the standard lamp in watts

per micron, and K is the phototube calibration constant in volts per

watt of radiant energy. The relative spectral response functions, Ry,

for the particular photomultiplier tubes used are presented in figure 5.
Since the functions in the integrand of equation (1) are known, the
integral may be evaluated. When the phototube is exposed to the standard
lamp at the specified distance, a measurement of its output voltage, e,
will define the constant X. ©Similarly, when the phototube views the®
radiation from the model gas cap, its output 1s given by

e = KL/\ RpIngA (2)
o

where now Ik is the spectral output of the radiation from the gas cap
in watts per micron. In the present instance, the quantity desired is
the total radiation from the gas cap, or

I =‘/Oﬂ I')\d7\ (3)

This quantity cannot be determined without prior information, at the very
least, of the relative shape of the spectral distribution, Iy, of the
radiation from the gas cap. In another sense, because of its limited
spectral response, Ry, the phototube responds to only a fraction of the
total radlation from the gas cap. This fraction, F, given by
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was estimated by ubtilizing the theoretical spectral distributions of
equilibrium radiation from high-temperature air presented in reference 2.
By combining equations (2), (3), and (4), the total radiation from the
gas cap 1s given by

- Le
I=zx (5)

To report the results of the present tests in terms of the total
radiation per unit volume of the hot gases, the effective radiating volume
of the gas cap, assumed to be emltting the radiation at constant condi-~
tions, was estimated utilizing the following procedure: (a) The bow shock
standoff distance for the stagnation point streamline was determined by
use of the theory of reference 3. (b) The standoff distance of the bow
shock was considered to be uniform over the spherical face of the model.
(c) The distribution of radiation intensity, directly behind the bow shock
along its length and along the model surface from the stagnation point to
the model shoulder (assumed for simplicity to be the sonic point of the
flow), was estimated by computing the temperature and density, and then
the equilibrium radiation from the theory of reference 2. From these
computations, it was found that the effective radiating volume, assuming
all the gas to be at the conditions existing directly behind the normal bow
shock, could be approximated by one-half the total volume of the gas cap.
The foregoing procedure for determining the effective radilating volume of
the gas cap has several recognized weaknesses not the least of which are
(a) the utilization of a theory for the standoff distance not yet confirmed
by experimental evidence for the high velocities of the experlmental data
reported herein, and (b) the use of the assumption that the shock standoff
distance is uniform when there is available evidence that, for a spherical
nose, it increases somewhat with distance from the stagnation point. It
is believed, however, from consideration of the computations mentioned
above that the effective radiating volume has been determined to 30-percent
accuracy. The computational labor involved in obtaining a more accurate
estimate which would include a point-by-point analysis of the flow field
is not considered justified at the present time because of the random
scatter In the radiation data presented later.

Two other minor effects were considered in the reduction of the
radiation data; however, they tended to cancel each other. It was esti-
mated that the radiation from that part of the gas cap hidden from view
behind the bulge of the model face was compensated for by the radiation
reflected back toward the phototube from the model face that was in view.




AVATIABIE THEORIES

The general theory of the emission of radiation by atoms and
molecules has long been under intensilve study and 1s the subject matter of
many publications. With the additlonal availability of information on
the constituents of high-temperature air under equilibrium conditions -
and some experimental measurements to help in the determination of oscil-
lator strengths - several papers, which are in reasonable agreement, have
been published, giving estimates of the equilibrium radiation character-
istics of air at high temperatures and at various densities. The predic-
tions for the total radiation given in references 2 and 4 are shown in
figure 6 over the density range of interest herein. Results labeled
reference 2 were obtained by appropriate integration of the absorption
coefficients presented in the reference. In addition to the above infor-~
mation, figure 7 shows the predictions of spectral distributions from
reference 2 for several selected densities and equilibrium temperatures.
The figure shows that, in general, most of the radiation energy is con=-
centrated in the ultraviolet range. It should be mentioned that it was
these theoretical spectral distributions which were used to determine the
estimated fraction of the spectral radiation seen by the radiation pickups
as dlscussed in the previous section.

RESULTS AND DISCUSSION

The experimenteal data obtained to date on radistion intensity from
hot-gas caps of blunt bodies traveling at hypersonic velocities are
summarized in table I. Included in the table are the observed radiation
intensities deduced from the measurements made with the photomultipliers
and the results of all the computations that allow presentation of the
data in a form directly comparable with the predictions of the available
theories.

Calculations indicated that the front faces of the plastic models
were ablating (model material sublimation due to the high convective heat
transfer) when the models passed the radiation detector station. An
evaluation of the possibility that the ablation products contributed to
the radiation observed indicate that in the worse case, approximately 10
percent of the mass in the gas cap 1s vaporized material from the model
surface. For this material to significantly increase the radiation
observed, it would be necessary for the ablation products to be rapldly
heated to the order of the temperature of the gas cap. Since the surface
temperature of the plastic is less than 1000° K, whereas the gas-cap
temperature is near 10,000° K, it appears as likely the vaporized ablation
products decrease instead of increase the radiation observed due to a
lowering of the average temperature of the gas near the body surface. It
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would thus appear that the effects of ablation on the radiation observed
for this investigation are probably small, but whether there is an
increase or decrease of the radiation is presently unknown.

Filgure 8 presents the experimental results in terms of the total
radiation per unit volume compared with the equilibrium theories of ref-
erences 2 and 4. The figure was prepared utilizing the normalizing factor
(p/po)*'T, chosen 50 as 1o collapse the theoretical curves for different
densities to a single line as nearly as possible. Shadlng on the figure
represents the remaining variation of the theory over the density range
specified. Inspection of the flgure shows that a majority of the experi-
mental data agrees favorably with the equilibrium theory even though the
normalized total radlation varies over almost five orders of magnitude.
An apprecilation of the random errors of the experimental information can
be obtained from consideration of the scatter of the data near a given
velocity and density. A sufficlent grouping of data points is available
in the velocity range from 15,000 to 18,000 feet per second. The scatter
can be seen to be at least a factor of two or three. There are, however,
data points that deviate to a much greater degree than the aforementioned
amount .

The most marked devistion of the data from the equilibrium theory is
a striking increase (up to 30 times) in normalized radiation for lower
densities in the velocity ranges of 21,000 and 30,000 feet per second.
This observed increase is thought to be due to failure of the gas in the
hot-gas cap to reach thermodynamic and chemical equilibrium during the
short time it takes to travel through the gas cap. Lack of thermodynamic
and chemical equilibrium leads to higher than equillbrium temperatures
behind the shock, and thus to higher radisticn intensities. Similar
nonequilibrium effects have also been noted 1n the shock-tube experiments
reviewed in reference 5. Reference 5 also contains predictions of a pre-
liminary nature regarding the onset and intensity of nonequilibrium
radistion which depend upon the size and density of the gas layer, and
the velocity of the stream.

A comparilson of the present experimental results obtailned near 21,000
and 30,000 feet per second, with the predictions of the onset and inten-
sity of nonequilibrium radiation obtained from reference 5, i1s shown in
figure 9. The curves from the reference are for velocities of 20,000 and
25,000 feet per second, and were originally given in figures 16 and 17 of
reference 5 for a vehicle with a nose radius of 1 meter. To make these
predictions comparable with the present results, however, it was necessary
to convert them to a 0.2-inch nose radius, the radius of the present
models. The conversion 1s done by changing the density for a predicted
nonequilibrium radiation increase by the ratio of the size of the two
vehicles -~ in this case, by a ratio of 200. This scaling is equivalent
to assuming that the reaction rates controlling the intensity of the non-
equilibrium radiation are directly proportional to gas density.



Inspection of flgure 9 indicates that for the few experimental data
points obtained to date, and particularly for those at 21,000 feet per
second, the present results fall as close as a factor of 3 in density to
the predicted curves from reference 5. It should also be noted that the
rate at which the radlation rises above the equilibrium line agrees fairly
well with the predictions. Considering the large extrapolation of 200 in
denslty that was made for this comparison, the agreemsnt shown is quite
gratifying. It thus appears that in the present tests as well as those
upon which the predictions of reference 5 were based, the same physical
phenomenon 1s causing the lncrease of radiation over the equilibrium
values.

A further and somewhat different presentation of the properties of
nonequilibrium radiation is given in figure 10, Here, on a plot of vehilcle
velocity versus atmospheric density, or altitude, are gilven the boundaries
for the onset of nonequilibrium radiation as derived both from the curves
of reference 5 and from the present data which are shown on the previous
flgure. The boundary values obtained from figure 9 are considered to be
at that point where an extension of the linear portion of the curves (or
a line drawn through the data points) intersects the horizontal axls where
Et/Etequil theory = l. In addition, a further prediction from reference 6

for a boundary to the reglon where nonequilibrium effects will become
important is reproduced. It should be mentioned that the boundary from
reference 6 "gives the altitude at which the relaxation time is approxi-
mately equal to the time it takes a gas particle to pass through the shock
layer” and should be considered as belng only roughly indicatlve of the
region where the nonequililbrium radiation contribution to the total radi-
ation becomes significant. All the information shown on the figure has
been adjusted to correspond to a vehicle with a nose radius of 1 foot.

The data point in figure 10 near 15,000 feet per second, obtalned from

the present experiments, has not previously been discussed. Reinspection
of figure 8 will show that this point was obtained from the ancmalous
increase in radiation (relative to the theoretical values) at an approxi-
mately constant density as the veloclty was reduced from 15,000 feet per
second. A further point to be made regarding the behavior of the present
data near 15,000 feet per second is that since the higher—-than-~theoretical
radiation values occur at the lower velocities, the nonequilibrium boundary
must necessarily be rising to higher altitudes as velocity increases. This
fact is 1ndicated in figure 10 by the short line drawn through the data
point at 15,000 feet per second.

A study of figure 10 reveals the interesting effect of velocity on
the nonequilibrium boundary - as velocity is increased, the boundary
first appears to rise to higher altitudes, and then as circular velocity
is approached and exceeded, 1t appears to become constant or decrease
slightly. In a recent private communication, Bennett Kivel indicated
that because of the preliminary nature of the data upon which the predic-
tiong of reference 5 are based, the downward trend of the nonequilibrium

N OV



boundary with altitude may not be particularly significant. ZEven though
the results shown in figure 10 must be considered as preliminary in
nature, i1t is felt that the altitude region where nonequilibrium radiation
occurs has been fairly well established. This region has important sig-

nificance from the standpoint of predlcting the radiation heat-transfer
rates to space vehicles entering the atmosphere, particularly if the
trajectories pass near the nonequilibrium boundary.

CONCLUDING REMARKS

Preliminary results are reported on the thermal radiation from the
hot-gas caps of blunt bodies traveling at velocities from 10,000 to 31,000
feet per second. Thus far, only total intensities of the radiatilon have
been given, since no detalls of the spectral distribution have yet been
measured. The data have been obtained under a sufficilent variety of
conditions to exhibit the enormous variation of radiation intensity with
velocity and density. In general, at the higher free-stream demsities,
where equilibrium radiation 1s expected, the results agree reasonably well
with the available equilibrium radiation theories.

For specific flight conditlons, however, greatly increased radiation
intensities have been observed (more than 30 times the expected equilibrium
value), apparently caused by failure of the gas in the shock layer to
reach thermodynamic and chemical equilibrium. Increased radiation due to
such nonequilibrium effects is a function of the size of the gas cap, as
well as the air density and the vehicle velocity; thus, it can be expected
to occur at all velocities but at differing altitudes, depending upon the
size of the vehicle. The altitude at which nonequilibrium effects first
appear to occur rises as the velocity increases above 15,000 feet per
second, and then, as circular veloclty 1s approached and exceeded, becomes
constant or decreases slightly. Knowledge of the altitude regions where
nonequilibrium radiation occurs has important significance from the
standpoint of predicting the radiation heat-transfer rates to space vehi-
cles entering the atmosphere, particularly if the trajectories pass near
the nonequilibrium boundary.

Ames Research Center
National Aeronautics and Space Administration
Moffett Field, Calif., Mar. 17, 1961




10

REFERENCES

Hansen, C. Frederick, and Heims, Steve P.: A Review of the Thermo-
dynamic, Transport, and Chemical Reaction Rate Properties of High-
Temperature Air. NACA TN 4359, 1958.

Meyerott, R. E., Sokoleff, J., and Nicholls, R. W.: Absorption
Coefficients of Air. IMSD 288052, Lockheed Aircraft Corp., 1959.

Li, Ting-Yi, and Geiger, Richard E.: Stagnation Point of a Blunt Body
in Hypersonic Flow. Jour. Aero. Sci., vol. 24, no. 1, Jan. 1957.

Kivel, B., and Bailley, X.: Tables of Radiation From High Temperature
Air. Res. Rep. 21, AVCO Res. Lab., 1957.

Camm, J. C., Kivel, B., Taylor, R. L., and Teare, J. D.: Absolute
Intensity of Nonequilibrium Radiation in Air and Stagnation Heating
at High Altitudes. Res. Rep. 93, AVCO Everett Res. Iab., 1959.

Kivel, Bennett: Radlation From Hot Air and Its Effect on Stagnation~-
Point Heating. Jour. Aero/Space Sci., Feb. 1961.

10O\



11

*ITe TTT2S OJUT SPBW S10US JO9YL0 TIB {WeaIqs JT8 JUTOUBADPB O4UT 9PBU 0TSk

A OfT‘T ot‘t |olL: 2€°9 £900° onz‘lL #T°T | 000°6T | g2
onI‘T oTh‘T |olL- A #900° 0gT¢.L CT°T {09LgT | L2
000°0£4 0gG‘t |og: 64 2900° 02E6 | €€0° JonGeot |«o2
000¢¢T2 0CT‘L (oG 9°€z 9900° 0gL‘6 H#T* |092¢0E |xC2
002°1S 006°LT | €¢° 9°€9 L9o00* o646 H#G  |02H“68 |42

'YeD QadT 000° 1t 0029t | g% 2°26 Lgo0* 006°0T | 9¢° |OHO‘TE | =tz

A con‘LE 00T‘eT | oY’ 9-2¢ | Looor 00G“0T | 3¢ |096°0E |22
0£69 oné‘e | e 20°g 9900° 088‘g A Kolol =T A PN 4
09+ 02e‘T | 0g* 95" 6900° 025g Lu* |ooLwz | %02
021‘G 05g‘t | og* 129 §900° 06%‘g GG+ {00642 | %61
00129 g HE" 61G" L900° o2g‘g | LEo* |oo612 | gt
00£°¢ 1.2 GLE T 0T §900° 0669 | Tgo* |o009¢12 | LT
oen‘e 0gT gt* 9gh” T,00* OLT L gg® loo6‘o2 | ot
0go‘z 2en o 94T 900" 004 ¢L 2h* | 00602 | %CT
Q6% c62 92" 6£9° 800" 02L‘9 €L J006°LT | #T
622 02 92" osh" ¢goo* ohg“9 w6 | OELLT | €T
one LET 92" cot Ggoo* 02L°9 gl Joogflt | BT
€oT T0T Geg* L1e- 9g00" 00€9 TL* JooLfoT | TT
702 90T e w22 ggoo”  |O%2‘9 | g9° foox‘oT | O
€2 €2t g 2¢e: 6500°* 0£0¢9 69° |00T‘oT | 6
gTT 8° 19 Ger HT" T600* 0g5‘g go° {ostct| ¢
onT £ €6 Le* oce: T600" o0t0‘¢ | LL+ |ofo‘4T | L
1TT 27 9% ge* AN 9600° 00g“H Lo looget | o
€le €TT g2 Gge* 0600* 0L % 09° |ooLeT| ¢
69T Gee € 699° 9600°* Ot ‘4 TT°T | 069°2T | 4

agda f1° 68 A ocT” G600° 092¢ 4 2gr toogfetl] ¢
B3eD T2dT 6°2¢ 9 Gh gee as 6600° 0£0¢H 26" |[o0oL‘TT| @
BTP uouT @270 ‘ersuds ‘Ty 062 16°T €0 | gcz00 0 h00'0 | 0T3‘€ | <gro|ock6 | T
BYBD Tadl
PaAISSqO %o
UIO BM o /S9.98M ¢
S99q0N ¢ & Aﬁ\uwww V \pm g mﬁwp g ‘sq998BM mmﬁwmm Ao ‘T Og \a omM\oM.H 1oyg
£t T oAT30933T

VLVQ TVLNENIYIIXE A0 NOIIONAEY -1 TIAVL

< INO I~




12

< INO b~
v




13

¢ .2 *£9TTToBeT UITITI~92x] ofuosaadly q0T7Td JO SUTMBID OTFBWOUOS =T 9JINITJ

/'. SUOLIDIS YdoIBMOPDYS
N&. 8bois isily
) <A

4 @V \ & 9bo)g puoseg

o o ung sog 4ybi g

/@A (O02V HO-moig Is0lg

S

BIZZON wbowydoig wbpiydoiq

Jaddo)
Elea] iV
Ve

(41v)

Uo1}dagG 8] |qnL pous

10§9943(] UOYDIPDY

<IN O -




Flgure 2.~ Typical shadowgraph of model.
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igure 3.~ Typical oscilloscope record of pressures from shock-tube-driven

wind tunnel.
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Figure 6.~ Comparison of theories for equilibrium radiation from air.
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Figure 9.- Comparison of nonequilibrium radiation predictions from
reference 5 with experiment for a vehicle with a nose radius of
0.2 inch.

1O\ =



N R S SR S S R
Y
ol
0} Present data
8| o N 0] Ref. 5 170
e Ref. 6
= 10°+ 460
= I
o 150
© -4
o 10T 4140
A . Nonequilibrium o -
5 Q i o--"B © 430
G r-AN - o
T g 1071 gl {20
f§ - Equilibrium
< 410
I i | ] 1 { 1 i i ] O
0 10 20 30 40 50%x10°

Velocity, feet per second

'Altifude, miles

21

Figure 10.-~ Predietions for the onset of nonequilibrium radiation for s

vehicle with a nose radius of 1 foot.

NASA - Langley Field, va. A-507 —



